In this study, we have proposed a gelatin-based stone (gelatin stone) with a new polishing mechanism that can polish a free-form surface. To clarify the possibility of using a gelatin stone as a fine polishing tool, we experimentally examined its fundamental polishing performance. Two types of gelatin stones (jelly and gummy) were prepared. A convex glass and a pure aluminum plate were used as work materials. The main results obtained are as follows. Polishing the convex glass with the jelly-type gelatin stone improves the surface roughness while maintaining profile accuracy. The surface roughness of the pure aluminum plate can be improved by polishing with the gummy-type gelatin stone, although the polishing cannot yield a mirror-finished surface. The abrasive grains in the gelatin stones can be recovered by incineration at 600-650°C.
Introduction
Recently, aspherics have been adopted in electronic devices and optical instruments to obtain images with a higher precision. An advantage of aspherics is that aberration does not occur. Therefore, multiple spherical lenses are being replaced with one-piece aspheric lenses, contributing to the miniaturization and weight saving of products. However, it is difficult to polish an aspheric with a complicated shape; thus, redesigning and remaking of a polishing tool is required whenever the specifications of an aspheric lens are changed. As a result, the development of a polishing tool with an ability to mold any shape is desired (1) .
We have been examining elastic abrasive stones, and a unique elastic abrasive stone with a novel polishing mechanism has been proposed (2) - (7) . In the proposed stone, gelatin is used as the binding agent. Figure 1 shows a schematic illustration of the gelatin stone. The gelatin stone slightly melts near the surface because of frictional heat generated while polishing a work material. In other words, the area near the gelatin stone surface changes from the solid state to the viscous slurry state owing to frictional heat, and then, this viscous slurry is used to polish the surface of the work material. The polishing method using the gelatin stone can be classified as an intermediate between fixed abrasive processing and loose grain processing. The main advantages of the developed gelatin stone are as follows. (1) The gelatin stone can provide the same degree of polishing accuracy as that of lapping with slurry. (2) The surface of the gelatin stone maintains sharp cutting edges during the polishing process. (3) A working fluid is not required because the working surface is kept wet with the viscous slurry. (4) The hardness and melting point of the gelatin can be easily controlled by changing the concentration, the cooling conditions, and the additives used (8) . Therefore, a wide variety of polishing abilities can be added to an elastic stone composed of gelatin by modifying the manufacturing conditions. Our previous studies clarified that a gelatin stone can polish a wide range of material surfaces (3)- (7) .
The main purpose of this study is to clarify the possibility of using a gelatin stone as a fine polishing tool for precision components such as aspherics. To this end, the fundamental performance of the gelatin stone as well as the recycling method for used gelatin stones is examined.
Experimental procedure
The main experimental conditions and materials used are summarized in Table 1 . A gelatin-based binding agent containing additives such as carrageenan is added to the gelatin stone. Green silicon carbide (GC) is used as an abrasive grain. The particle size of the GC grain is 3.0-11.5 µm (#1000-#8000). Two kinds of gelatin stones are prepared. One is a jelly-type gelatin stone and the other is a gummy-type gelatin stone. If the density of gelatin is low like a jelly, the main material removal mechanism is lapping with viscous slurry. On the other hand, the main material removal mechanism is scratching with the abrasive grains if the density of gelatin is high. In this way the material removal mechanism of a gelatin stone changes by the density of gelatin. The two types of stones are used to polish two work materials. The first is a convex glass, 30 mm in diameter and 2 mm thick. The other is a pure aluminum plate (A1050P), 62.5 mm wide and 1.0 mm thick. Figure 2 shows a schematic illustration of the main experimental setup. A computerized numerical control (CNC) bench milling machine was remodeled to perform fine polishing. For polishing the convex glass, the work material is mounted on the spindle of the CNC ) with a resolution of 0.8 nm, which can evaluate surface properties very precisely. The surface roughness of the convex glass is measured over a length of 4.0 mm near the circumference, whereas the surface roughness of the pure aluminum plate is measured over a length of 4.0 mm near the center of the work material. Figure 3 shows the influence of polishing time and the particle size of the abrasive grain on polished surface roughness. The dashed line in the figure shows the initial surface roughness of the work material. For GC#4000 and GC#8000, the polished surface roughness is improved with increase in polishing time. However, the surface roughness is not improved when GC#1000 is used. The convex glass used as a work material has a very fine initial roughness (Ra = 10 nm). The plot of polished surface roughness in Fig. 3 indicates that using an abrasive with a larger particle size, GC#1000 (particle size = 11.5 µm), leaves scratches that severely damage the finished surface, deteriorating the finished surface roughness. Figure 4 shows the influence of polishing time and the table speed on polished surface roughness. A linear motion is adapted as the table motion, which apparently improves surface roughness. Polishing time also affects the finished surface roughness, and about 20 min of polishing gave the best surface roughness of 4.7 nmRa. Figure 5 shows an example of the surface profile before and after polishing. The central straight line shows a flattened spherical surface while the curved line indicates the deviation from the spherical surface. A table speed of 100 mm/min does not cause a significant change in the shape between before and after polishing [ Fig. 5 (A) ]. This shows that only surface roughness can be eliminated while maintaining profile accuracy. In the case of a table speed of 200 mm/min, polished surface roughness is lower than that at 100 mm/min. However, a disorder in the profile accuracy was confirmed in the outer area of the work material at a table speed of 200 mm/min [ Fig. 5 (B) ]. This is because the speed of the linear motion of the table is higher in the outer area of the work material than the inner area. This indicates that a complicated table motion is necessary to maintain shape accuracy when polishing at a high speed. Figure 6 shows the influence of the number of work revolutions and the particle size of the abrasive grain on polished surface roughness. In the cases of GC#4000 and GC#8000, it is clear that the surface roughness is improved with increase in the number of work revolutions. On the other hand, the polished surface roughness is not improved when 
Experimental results and discussion

Fine polishing of the convex glass with the jelly-type gelatin stone
GC#1000 is used as the abrasive. The polished surface roughness deteriorates because the GC#1000 particle size is larger than the initial roughness of the work material as also shown in Fig. 3 . Among the abrasives used in this experiment, the best results are obtained with GC#8000.
Polishing time T (min)
Surface roughness Ra (nm) 0 1 0 2 0 3 0 4 0 0 5 10
15
Grain size : GC#1000 : GC#4000 : GC#8000
Feed rate : 0.5 mm/min Rotating speed of work : 1500 rpm Figure 7 shows a polished convex glass. It is clear from this photograph that the surface of the convex glass does not have a frosted glass appearance. This shows that a gelatin stone can be used to polish optical components such as lenses.
Fine polishing of the pure aluminum plate with the gummy-type gelatin stone
For polishing a pure aluminum plate, the gelatin stone was used as the mounted wheel. Therefore, a gelatin stone with a higher gelatin content was prepared. A schematic illustration of the gummy-type gelatin stone and the table movement of the CNC bench milling machine are shown in Fig. 8 . If the gummy-type gelatin stone moves over the dashed line once, the polishing of the pure aluminum plate is completed. Figure 9 shows the influence of the gelatin content and the table speed of the CNC bench milling machine on polished surface roughness. The dashed line shows the initial Grain size : GC#1000 : GC#4000 : GC#8000 Table speed : 0 mm/min Fig. 6 Influence of the number of work revolutions and the abrasive particle size on surface roughness
mm Convex glass
Fig. 7 Example of a polished convex glass
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Vol. 5, No. 4, 2011 surface roughness of the work material. It is clear that there is an optimal gelatin density. The polishing efficiency decreases in a stone with a low density of gelatin because the stone easily changes to the slurry state from the solid state. On the other hand, if the gelatin density is high, it cannot change to a slurry state; however, a solid-state gelatin stone would leave scratches on the polished surface. In this experiment, it was clarified that 26 wt% of gelatin content was the most suitable for the gummy-type gelatin stone. Figure 10 shows the influence of the number of stone revolutions and the table speed of the CNC bench milling machine on polished surface roughness. Polished surface roughness tends to improve with increase in the number of revolutions. In other words, polished surface roughness tends to improve with increase in the relative speed. In contrast, polished surface roughness shows little improvement with decrease in the table speed because there is no guarantee that the work material will be sufficiently polished as polishing time decreases with increase in the table speed. A high revolution speed of the gelatin stone and a low table speed (adequate polishing time) are necessary to obtain superior polished surface roughness. Figure 11 shows the surface of a polished pure aluminum plate. The striped marks on the initial surface of the work material disappeared and surface roughness is improved, although a mirror-finished surface was not acquired. Obtaining a mirror-like finish for a pure metal will be considered in a future study.
Proposed method for recycling used gelatin stones
To recycle used gelatin stones, we attempted to separate the abrasive grains from the gelatin stone. Various methods can be considered for recovering the abrasive grains. In this study, the simplest process-the combustion method-is proposed. Figure 12 shows the results for the measured differential thermal analysis (DTA) and thermogravimetry (TG). The gelatin stone used for the combustion experiment contained GC#1000 at 4.0 wt%, carrageenan at 6.0 wt%, and water at 64.0 wt%. The DTA and TG curves can be divided into five areas from A to E. It is supposed that the following phenomena occurred in each area.
In area A, DTA and TG tend to decrease with temperature. In this area, most of the water content in the gelatin stone evaporates because TG decreases to about 35%.
In area B, DTA exhibits an approximately constant value and TG shows a decreasing tendency. The decrease in TG indicates the pyrolysis of various amino acids (glycine, alanine, and proline), which are the main constituents of gelatin. The pyrolysis occurs because the decomposition point of amino acids is 200-230°C.
In area C, DTA tends to increase while TG tends to decrease. In this area, residual substances of the amino acid pyrolysis evaporate with increase in temperature.
In area D, DTA and TG show an approximately constant value and the value of TG shows the minimum value (4.7%). The constituents of the gelatin stone, except the abrasive grains, evaporate in this area, and some impurities are left behind because the weight ratio of the abrasive grains in the gelatin stone is 4.0 wt%.
In area E, DTA exhibits a decreasing tendency after indicating the peak value, and TG shows an approximately constant value. It is well known (9) that granular SiC often oxidizes at about 700°C, and the surface of SiC is covered with an oxidation film that can control its oxidation. The oxidation of the SiC surface would give a DTA peak because the remaining substance in area E is mostly SiC, which is the main component of the used abrasive grains. This indicates that only SiC is recovered by incinerating a used gelatin stone in the temperature range of area D (600-650°C), although a small amount of impurities remain mixed in the abrasive grains. 
Conclusions
The main purpose of this study was to clarify the possibility of using a gelatin stone as a fine polishing tool for precision components such as aspherics and recovering abrasive grains from a used gelatin stone. The fundamental polishing performance and the combustion characteristics of gelatin stones were experimentally examined through abrasion tests and a combustion experiment. The main conclusions obtained from this study are as follows. The polishing of a convex glass as a working material with a jelly-type stone can improve its surface roughness while maintaining profile accuracy. The surface roughness of a pure aluminum plate can be improved by polishing with a gummy type-stone, although the polishing does not yield a mirror-finished surface. The abrasive grains can be recovered by incinerating a used gelatin stone at 600-650°C.
Gelatin stone has potential as a fine polishing tool. We will present a detailed investigation of a final recycling method for gelatin stones in a future paper.
